This study describes the surface modification of magnetic nanoparticles using two different approaches. The first approach consists of an in situ modification of the surface during the precipitation of the magnetic nanoparticles while the second approach consists of a post-modification of the surface after the formation of the magnetic nanoparticles. In the latter case, we adopted the Layer-by-Layer assembly of polyelectrolyte multilayers of poly(diallyl-dimethylammonium) chloride and poly(styrenesulfonate) to build a polymeric shell around the magnetic nanoparticle core, thereby intentionally conferring to this hybrid core-shell the same charge as the charge of the polyelectrolyte deposited in the last layer. Electrophoretic measurements reveal charge reversal indicating successful Layer-by-Layer deposition while magnetization studies show that the superparamagnetic behavior is not much affected by the presence of polyelectrolytes on the modified magnetic nanoparticles. Fourier transform infrared and thermogravimetry analysis results underline that the various polyelectrolytes employed, in both the methodologies adopted, were successfully bound to the nanoparticles.
INTRODUCTION
Much effort has been devoted to the synthesis of inorganic/organic nanocomposites in an attempt to exploit new hybrid properties derived from the various components. Nanoparticles due to their small size offer unique properties and magnetic nanoparticles (MNP) based on iron oxides are attractive candidates for biomedical applications. 1 2 However for in vivo applications, MNP should not form any agglomerates, hence, the idea of modifying their surfaces by either coating or encapsulating them in organic or inorganic materials. One common approach is to embed nanoparticles in silica 3 because the latter can be readily functionalized to impart the protective shell. Ideally, surface modification should provide good colloidal stability, biocompatibility and possibly some basic functionalities for attaching biorecognition moieties.
To date a variety of coating materials [4] [5] [6] [7] has been used on nanoparticles, but surprisingly, so far little attention has been paid to polyelectrolytes. Recently, Chen et al. 8 reported the inclusion of MNP into a negatively charged * Author to whom correspondence should be addressed. polymeric shell (for example, polyacrylic acid (PAA)) (PAA-MNP) where PAA is covalently bound to the MNP via carbodiimide activation after MNP preparation. In contrast to Chen's work, we reported 9 earlier the in-situ preparation of MNP in the presence of a polyanion 10 (PAA) using the co-precipitation technique. 11 However one could exploit the charges of polyelectrolytes to easily assemble them into multilayers for surface modification of charged surfaces via the Layer-by-Layer (LbL) technique. 12 13 The LbL technique consists of the alternate adsorption of polyanions and polycations on a charged surface. Each adsorption layer leads to a charge reversal necessary for the adsorption of the next oppositely charged layer. This great versatility of the LbL technique has been exploited for the deposition of a multitude of charged species such as polyelectrolytes, [12] [13] [14] [15] [16] nanoparticles, 17 18 proteins 19 etc. on a variety of templates irrespective of the shape (rigid flat substrates, 20 21 rigid particles, 22 23 hard mesoporous templates 24 25 or soft and porous building blocks 26 27 ) or the size. A lot of research has been devoted to polyelectrolyte adsorption onto flat surfaces or colloidal particles in the literature. However the use of polyelectrolytes for modifying nanoparticles via the LbL technique is scarce.
In this work, we report the synthesis, characterization and surface-modification of MNP using polyelectrolytes. Two different approaches were adopted: one is the in situ modification during the synthesis step and the other is the LbL post-modification of the MNP after they have been synthesized. MNP being usually positively charged, the in situ modification will only be done in the presence of a polyanion. However, the post LbL modification will be carried out on both positively and negatively charged MNP. The MNP are characterized using X-ray diffraction (XRD), thermogravimetric analysis (TGA), Fourier Transform Infrared (FTIR), dynamic light scattering (DLS), and electrophoretic mobility measurements to show the successful coating of the polyelectrolytes.
EXPERIMENTAL DETAILS

Materials
Ferrous chloride tetrahydrate (FeCl 2 · 4H 2 O), ferric chloride hexahydrate (FeCl 3 · 6H 2 O), 25% ammonium hydroxide solution, 37% hydrochloric acid (HCl) solution, poly(diallyldimethylammoniumchloride) (PDAD-MAC, M W = 100 000 g/mol), poly(styrene sulfonate) (PSS, M W = 70 000 g/mol), and polyethyleneimine (PEI, M W = 750 000 g/mol) were purchased from Sigma-Aldrich. All chemicals from commercial origin were used without purification. The water used in all experiments was doubledistilled ultrapure water (Milli-Q-plus system, Millipore). The polyelectrolytes were dissolved in water at a concentration of 1 g/L and used as such with no further adjustment of the pH.
Synthesis of MNP
MNP were prepared according to a co-precipitation technique 11 previously described with a slight modification. A Fe 3+ solution was prepared by dissolving 4.86 g FeCl 3 · 6H 2 O in 30 ml distilled water and a Fe 2+ solution was prepared by dissolving 2.98 g FeCl 2 · 4H 2 O in a mixture of 10 ml water and 1.5 ml 37% HCl. Both solutions were placed in an ultrasonic bath for 5 minutes to homogenize the mixture. The Fe 3+ and Fe 2+ solutions were then mixed and allowed to stand in the ultrasonic bath for a short time (about 2 minutes) just before the precipitation step. To precipitate the iron oxide, the resulting mixture of Fe 3+ and Fe 2+ was added drop wise to a flask containing 240 ml water and 60 ml of 25% NH 3 under vigorous stirring (500 rpm). A black suspension was formed immediately and MNP formation was allowed to proceed for 30 min at room temperature with constant stirring to produce a stable, water-based suspension. Aggregates were first separated from the reaction mixture using a strong magnet, and then washed three times with 0.3 M NH 3 solution. The washed precipitate was peptized by washing twice with 60 ml of 2 M HNO 3 solution. Peptizing is the process to neutralize the anionic charges on the nanoparticles surface. Three cycles of centrifugation at 5000 rpm for 10 min were done and the precipitate dissolved in 120 ml of double-distilled water to get a stable ferrofluid. Exposure of this ferrofluid to a magnetic field revealed no phase separation, confirming the complete redispersion of the MNP. This unmodified MNP is positively charged.
Synthesis of PSS Modified MNP
Briefly the same procedure was followed with 0.81 g FeCl 3 · 6H 2 O in 5 ml distilled water and 0.49 g FeCl 2 · 4H 2 O in a mixture of 1 ml water and 0.25 ml 37% HCl. However to precipitate the iron oxide, the mixture of Fe 3+ and Fe 2+ was added drop wise to a three-necked round bottom flask now containing a mixture of 0.1 g of PSS in 40 ml of water and 10 ml of 25% NH 3 solution under vigorous stirring (500 rpm) condition. Purification stages were similar except that three cycles of centrifugation at 10 000 rpm for 10 min were done and the precipitate dissolved in 20 ml of double-distilled water to get a stable ferrofluid. Exposure of this ferrofluid to a magnetic field revealed no phase separation, confirming the complete redispersion of the MNP. This PSS-modified MNP, denoted in the text as (PSS-MNP), is negatively charged.
LbL Assembly on MNP
The surface modification of the MNP (either positively or negatively charged) was carried out using the LbL technique to deposit polyelectrolyte multilayers (see Scheme 1). For positively charged MNP, the first layer is PSS while for the negatively charged (PSS-MNP), the first layer is PDADMAC. Basically, 20 ml of a 1:100 diluted dispersion of MNP (either positively or negatively charged) were added to 40 mL of an aqueous 1 g/L of the oppositely charged polyelectrolyte solution to prepare the first layer. The solution was allowed first to mix in an ultrasonic bath for 30 min, then for 12 hr to ensure that saturation adsorption of the polyions on the colloid particles was reached. The products were separated from the excess polyelectrolyte by magnetic separation twice. The precipitate was subjected to a treatment in an ultrasonic bath for 6 hr to get a stable solution. To deposit the second layer, 3 ml of the one-layer coated MNP was added to 6 ml of a 1 g/L aqueous solution of the oppositely charged polyelectrolyte. The solution was mixed for 12 hr, so that saturation adsorption of the polyions on the particles was reached. The products were separated from the excess polyelectrolyte using three centrifugation cycles at 20 000 rpm (20, 15, 15 min) and 25 C, decantation, and redispersion in 3 ml of water. LbL-modified MNP are denoted by MNP/Polyelectrolyte; for example, MNP which is LbL-modified with PSS then PDADMAC is denoted MNP/PSS/PDADMAC. 
Characterization
The zeta ( -) potential, the electrophoretic mobility ( ) and the hydrodynamic diameter (D h ) of the particles were measured using a Zetasizer 3000HS (Malvern, UK) at 25 C with a dilute dispersion of the MNP in pure water. A crystallographic study of the MNP was performed on a Philips PW 3040/60 X'pert Diffractometer using Cu-K radiation ( = 0 1541 nm). X-ray diffraction (XRD) graphics were compared to the JCPDS standard data in order to deduce the crystal structure of the product. Thermogravimetric analysis (TGA) was carried out on dried samples with a heating rate of 10 C min −1 (from 40 to 600 C), using a Setaram SETSYS thermogravimetric analyzer in a nitrogen atmosphere. Fourier transform infrared (FTIR) was done using a Nicolet spectrometer (Magna IR, 550) within the wave range of 4000-400 cm −1 . Magnetic properties were measured by Vibrating Sample Magnetometer (VSM) (Lake Shore, Model 7410). The size and morphology of the particles were determined by a transmission electron microscope (TEM) (Philips, CM 200) run at 200 kV. (511) and (440)), were observed for both samples. 28 The peaks were significantly broadened due to the small size of the crystallites. The volume average relative particle size of the crystal, D, was calculated using the Scherrer formula giving D 311 (MNP) ∼ 7 nm and D 311 (PSS-MNP) ∼ 5 nm. No additional peak, after surface modification with PSS, suggests that the coating does not result in any phase change.
RESULTS AND DISCUSSION
In Situ Modification of MNP
The decrease in crystallite size shows that PSS is effective to make smaller crystallite by controlling the nucleation and growth process.
TEM picture in Figure 1 (b) shows that the (PSS-MNP) is somewhat irregularly shaped from oval to sphere, nearly monodisperse and the average particle size is estimated around 5 nm (compared to around 7 nm for the MNP), which is a common value for monodomains of superparamagnetic iron oxide nanoparticles as reported by Shinkai et al. 29 There is an excellent agreement between crystallite size obtained from X ray line broadening and TEM results. The inset of Figure 1(b) shows the electron diffraction pattern of (PSS-MNP) which consists of concentric rings consistent with a cubic inverse spinel structure of magnetite. The electron diffraction pattern of MNP is similar. The characteristic d spacing corresponds to the hkl value (220), (311), (400), (440) and (533). These results show excellent agreement with the XRD data. 28 The unmodified MNP (positively charged) has a -potential and an electrophoretic mobility of +20 mV and +1 55 ( m/s)(cm/V) respectively. The net positive surface charge on the MNP is due to the peptization of the surface. When MNP are prepared in situ in the presence of PSS, the resulting particles (PSS-MNP) have now a -potential and an electrophoretic mobility equal to −28 mV and −2 17 ( m/s)(cm/V) respectively. The negative surface charge is due to negatively charged sulfonate groups of the PSS. This is an indication that the PSS is indeed bound to the MNP. The D h of (PSS-MNP) is 56 nm compared to 30 nm for the unmodified MNP. Although both samples show narrow polydispersity, the narrower size distribution of (PSS-MNP) (data not shown) shows that PSS is somehow effective to produce monodisperse particles. No agglomeration is observed from the DLS study. The increase in D h of (PSS-MNP) as compared to MNP is consistent with the presence of the polyelectrolyte which can form tails and loops around the MNP core.
Further evidence of the presence of the polyelectrolyte bound to the MNP is provided by FTIR spectra as shown for MNP and (PSS-MNP) in Figure 2 (a). For as prepared MNP, the broad absorption band between 3000 and 3600 cm −1 (with peak at around 3404 cm −1 ) and the band at 1618 cm −1 are associated with the fundamental valence stretching vibrations of the H 2 O; the band at 1640 cm −1 is due to the presence of N-H ions attached to the surface of the MNP (as the reaction was carried out in the presence of ammonia, and in the absence of any surfactant ammonia reacts with the MNP), the band at 1385 cm −1 is due to bending modes of O C H, C C H, and C O H angles of carbonate present on the surface of the MNP (as reaction was done in ambient conditions); and bands at 435, 568, 644 cm −1 are due to the stretching vibration of Fe O at the tetrahedral site. 30 Confirmation of the attachment of PSS onto the MNP was obtained by observing the following peaks in the spectra of (PSS-MNP): (a) an increase in intensities of bands at 3404 and 1620 cm −1 in agreement with the increase in the water content of the polymeric network; (b) absorption bands at 2930 and 2854 cm −1 due to stretching vibrations of the alkyl C H bond confirming the presence of the polyelectrolyte; (c) an increase in the intensity and the broadening of the band at 1600 cm −1 that can be attributed to C C bond and aromatic carbon ring present in PSS; (d) absence of the absorption peak at 1380 cm −1 indicating that PSS is effective in shielding the magnetic core; and (e) a decrease in intensities of absorption bands of Fe O (stretching vibration) at 680 and 588 cm −1 indicating chemical attachment of PSS to the MNP surface. 31 Figure 2(b) shows the TGA curves of (PSS-MNP) and the subsequent LbL modified, (PSS-MNP)/PDADMAC and (PSS-MNP)/PDADMAC/PSS. They all reveal a twostep weight loss. For the (PSS-MNP) the first step between 100 and 150 C is due to the loss of residual water in the sample. The pronounced weight loss between 210 and 370 C is due to the degradation of PSS. 32 There is no significant weight change between 370 and 600 C, implying the presence of only iron oxide within the temperature range. The result confirms that PSS is bound to the MNP. Subsequent LbL assembly on (PSS-MNP) yields thicker layers. Figure 2 show that there is no hysteresis, (zero coercivity and zero remanance) and saturation indicating that the iron oxide nanoparticles are superparamagnetic. 33 Specific saturation magnetization ( s ) for bulk maghemite is 73.5 emu/g 34 while the magnetization for (PSS-MNP) measured in a 2T field is 42 emu/g. (PSS-MNP)/PDADMAC and (PSS-MNP)/PDADMAC/PSS show a decrease in the mass magnetization consistent with the non-magnetic polyelectrolytes coating.
LbL Modification of MNP
LbL assembly of polyelectrolytes was undertaken on both the unmodified or positively charged MNP as well as on the in situ modified or negatively charged (PSS-MNP). In order to get an insight of the time required for polyelectrolyte adsorption on MNP, we monitor the -potential and D h of the LbL-assembled MNP as a function of time, as shown in Figures 4(a) and (b) respectively. In this particular study a highly branched polyelectrolyte presenting a high charge density, PEI, was deposited on MNP modified in situ with PAA, (PAA-MNP). 9 Samples of the coated MNP were taken at various intervals of time, centrifuged, washed, and redispersed in water, and their -potential and D h recorded. Figure 4(a) shows that the charge reversal is quasi-instantaneous with the -potential of (PAA-MNP) changing from −30 mV to +40 mV on addition of PEI. The -potential increases to reach a maximum value of +58 mV after 200 min before decreasing to a Figure 4(b) shows an instantaneous increase of the D h from about 90 nm for the (PAA-MNP) to about 160 nm for (PAA-MNP)/PEI. This size increases to a maximum at around 190 nm before decreasing again to reach a final diameter of around 160 nm. Immediate charge reversal and increase in size are observed because of the fast and strong electrostatic attraction between the highly positively charged and highly branched high molecular weight PEI with the negatively charged (PAA-MNP). As more and more PEI is adsorbed both the D h and the -potential increase to a maximum value. At this stage the polyelectrolyte is still in perpetual rearrangement. When the rearrangement of the polyelectrolyte reaches saturation, and no more chains are adsorbed, those that are loosely bound are easily washed away during the washing and redispersion steps; hence the decrease in -potential as well as in the size. At each stage, ultrasonification was additionally performed and the and D h were remeasured. This was done to ensure no aggregation was responsible for the unusually large values of D h obtained after the coating of one layer of PEI (25 nm thickness). The entire experiment was also repeated three times, and consistent results were reproduced. One can only speculate that, unlike LbL deposition on flat substrate, the film growth is now not restricted to one dimension, and due to the unique small size of the MNP, there is not just one layer of polyelectrolyte around the MNP but most likely an entanglement of several chains (and possibly with MNP trapped within the entanglement). From this study, we chose t > 400 min for the saturation deposition time of the polyelectrolyte. Figure 5 (top and bottom left) shows the variation of the -potential and the electrophoretic mobility as a function of the number of layers of PSS and PDADMAC deposited by LbL on MNP and (PSS-MNP) respectively. Deposition of layers was confirmed by charge reversal at each deposition step. MNP have positive surface charge (+30 mV) due to peptization of surface, and on addition of a negatively charged PSS layer the -potential is reversed to −50 mV (Fig. 5 top left) . Similarly, in situ modified (PSS-MNP) is negatively charged (−40 mV) and deposition of a first positive layer of PDADMAC causes a charge reversal to +40 mV (Fig. 5 bottom left) . The hydrodynamic diameter, D h , is also monitored as a function of the number of layers deposited as shown in Figure 5 (top and bottom right). After each deposition step we observed a substantial increase in D h (and in the polydispersity index). On addition of the first layer of polyelectrolyte, there is an increase of about 15 nm in D h , giving an average layer thickness of 7.5 nm. The average thickness for the second layer is between 10 to 12 nm. These values are smaller than the one obtained for PEI, since PDADMAC and PSS are rather linear polymers of much lower molecular weight. The experiment was repeated 3 times and the results were reproducible. We also subjected the sample to an ultrasonic bath for 1-2 hr, but there was no effect of ultrasonification on the thickness of the polyelectrolyte layer.
Successful Figure 6 (a). In the case of MNP/PSS bands at the lower end (680 and 588 cm −1 ) are significantly suppressed, indicating that the surface of the MNP is bound with/efficiently shielded by the polyelectrolyte. Even the absence of the absorption peak at 1380 cm −1 indicates replacement of surface carbonate. The absorption bands at 2930 and 2854 cm −1 due to stretching vibrations of the C H bond, the band at 2055 cm −1 due to C H stretching, bands at 1645 and 1469 cm −1 due to C C stretching and bands in the regions of 1026 and 750 cm −1 due to the S O and S O bond stretch respectively 31 are all evidence of the presence of PSS around the MNP. In case of MNP/PSS/PDADMAC, absorption bands at 2930 and 2864 cm −1 are due to stretching vibrations of the C H bond, the band at 2045 cm −1 is due to C H stretching, bands at 1645 and 1469 cm −1 are due to C C stretching and bands in the region of 1123 and 1026 cm −1 are due to the C N bond stretch.
TGA curves of the LbL coated MNP are shown in Figure 6 (b). As expected, the TGA curve for MNP shows almost no significant weight loss. The initial weight loss (at around 100-120 C) is due to loss of residual water. The TGA curve for MNP/PSS shows a significant weight loss (around 6-8%) between 200-400 C. There is no significant weight change above 450 C, implying the presence of only iron oxide. MNP/PSS/PDADMAC presents a TGA curve with a very broad degradation curve of about 15-16% weight loss between 200 and 550 C. This is attributed to the combined degradation of both polyelectrolytes (PSS & PDADMAC). Above 550 C no significant weight change signifies the presence of only iron oxide. The result confirms that the MNP were indeed coated with PSS and PDADMAC. The magnetization curves of MNP, MNP/PSS and MNP/PSS/PDADMAC (not shown) measured at room temperature (310 K) show similar behaviour as the ones presented in Figure 3 for the in situ modified MNP. No hysteresis and saturation was observed indicating that the iron oxide nanoparticles retain their superparamagnetic nature. 33 As expected, the LbL coated MNP also show a decrease in the mass magnetization due to increasing amount of polymer after each layer.
Preliminary cell incubation tests (unpublished results) carried out on HeLa cells, macrophages, dendritic cells and progenitor cells at the RWTH-Aachen Uniklinikum (Prof. M. Zenke) show that these MNP and the surface modified MNP are of low toxicity and further in vitro and in vivo studies are underway.
CONCLUSION
Surface modification of MNP has been successfully carried out via two different approaches: in situ modification of MNP during their synthesis in the presence of polyelectrolytes and post modification after they have been synthesized, using the LbL assembly of polyelectrolytes. FTIR, TGA, magnetization and electrophoretic studies confirm the presence of the polyelectrolytes bound to the MNP. Preliminary cell incubation tests show their potential for biomedical applications. Currently, the possibilities of building multiple layers of polyelectrolytes and decorating thermoresponsive microgels with MNP are being explored.
